Introduction
============

Peptidic compounds with structural properties resembling those of natural amino acids and peptides are interesting because they show great potential for future design of a variety of bioactive molecules.^[@cit1]^ Such compounds are nowadays referred to as *peptidic foldamers* or *foldamers* ^[@cit2]^ due to their ability to fold into versatile secondary structures in oligomeric forms.^[@cit3]^ Apart from aliphatic homologues of natural amino acids, such as peptides composed of β-, γ- or δ-amino acids,^[@cit4]^ a large subgroup in this area has more exotic backbone structures, including diverse cyclic compounds.^[@cit5]^ Peptidic foldamers with cyclic backbones can be built from ACPC,^[@cit6]^ ACHC,^[@cit7]^ hydrazine,^[@cit8]^ oxazolidine,^[@cit9]^ cholate,^[@cit10]^ pyrrolidone,^[@cit11]^ diketopiperazine,^[@cit12]^ or dioxolane,^[@cit13]^ just to mention a few. Among these, 1,2,3-triazole based peptidomimetics have recently emerged as interesting candidates for several reasons.^[@cit14]^ Their relatively easy synthesis using 'click' chemistry,^[@cit15]^ *via* either a copper^[@cit16]^ (CuAAC) or a ruthenium catalyzed cycloaddition (RuAAC),^[@cit17]^ their high *in vivo* stability, and their conformational flexibility are all very favourable properties in the design of novel bioactive compounds. Furthermore, an important practical advantage is that the backbone of these foldamers is polar enough to retain the same water solubility irrespective of the length of the oligomer.^[@cit18]^

There are currently several examples where 1,4- or 1,5-substituted triazoles are either incorporated as monomers into natural peptide sequences,^[@cit19]^ or used as oligomers with a completely non-natural peptide composition.^[@cit20]^ All these reports demonstrate that this exciting area has promising capacity in terms of providing applications in biotechnology.^[@cit21]^ Nevertheless, the number of existing structural examples for foldamers clearly cannot compare to those of the natural proteins. Consequently, estimation of the structural capabilities for these systems has to be made based on the configuration of their monomeric building blocks. It is known that for natural compounds, most of the secondary structures found in nature are constructed from homoconformers, that is from amino acids which have the same structural properties in their backbone.^[@cit22]^ For natural peptides and proteins, numerous conformational studies have shown that the abundance of secondary structures in protein databases is closely related to the structural properties and relative energy distribution of the conformers of α-amino acids.^[@cit23]^ The same concept holds for non-natural amino acids and peptides as well; the use of molecular modelling techniques, in particular *ab initio* calculations, in predicting the stability of monomers and thus secondary structures built from them, has proven very effective in the last two decades.^[@cit24]^ Recent advances with dispersion energy terms in density functionals have made calculation of energetic properties for larger compounds more accurate.

To better estimate the future potential of triazole peptidomimetics as foldamers, we have explored the structural properties and stability of the two simplest monomer units: the 1,4- and 1,5-substituted 1,2,3-triazole peptides, 4Tzl and 5Tzl ([Fig. 1](#fig1){ref-type="fig"}).

![Constitution of the 4Tzl and 5Tzl models used for the QM calculations. The nomenclature used for defining torsional angles is highlighted.](c4ob02359e-f1){#fig1}

Note that when considering these two molecules, the use of 1,5-substituted 1,2,3-triazoles is as yet far less common. Nevertheless we have recently indicated that their conformational properties may be much more diverse than that of 1,4-substituted 1,2,3-triazoles^[@cit18]^ and have also shown that by using a microwave-assisted RuAAC reaction, 1,5-substitued 1,2,3-triazoles can be synthesized in excellent yields from an alkyl halide, sodium azide and an alkyne in a sequential one-pot procedure.^[@cit25]^

We here investigate the peptidomimetic building units shown in [Fig. 1](#fig1){ref-type="fig"} by employing quantum chemical calculations. To further evaluate these compounds, their synthetically useful BOC-protected versions (BOC-4Tzl and BOC-5Tzl) were prepared and subjected to solution phase characterization by 2D NOESY NMR spectroscopy. Exhaustive systematic analysis of the conformers was achieved by exploring the conformational potential energy hypersurface (PEHS) of 4Tzl and 5Tzl along all their rotatable dihedral angles ([Fig. 1](#fig1){ref-type="fig"}). Conformers obtained at lower levels of theory were refined by performing additional calculations at the B3LYP/6-311++G(2d,2p), ωB97X-D/6-311++G(2d,2p), M06-2X/6-311++G(2d,2p) and MP2/6-311++G(2d,2p) levels of theory, and considering effects of solvents with different polarity, *i.e.* water, dimethylsulfoxide (DMSO) and 1-decanol.

Results and discussion
======================

The synthesis of the investigated compounds, computational calculations, comparison with NMR measurements, as well as a discussion on BOC-4Tzl and on BOC-5Tzl are all addressed separately in this section, organized under their corresponding sub-sections. For methodological details see the Experimental section.

Synthesis of BOC-4Tzl (**1**) and BOC-5Tzl (**2**)
--------------------------------------------------

To prepare the BOC-protected 1,4- and 1,5-substituted versions of 4Tzl and 5Tzl, the same starting materials could be employed for both reactions while the catalyst was varied to produce the desired regioisomer in each case ([Scheme 1](#sch1){ref-type="fig"}). To synthesize BOC-4Tzl (**1**), commercially available *N*-BOC-propargylamine and 2-azido-*N*-methylacetamide were stirred in a 1 : 1 mixture of water and *tert*-butanol in the presence of catalytic amounts of CuSO~4~·5H~2~O and sodium ascorbate, producing the desired 1,4-substituted triazole **1** in 81% yield after 20 h at ambient temperature. Using the same azide and alkyne in conjunction with a ruthenium catalyst (\[RuCl~2~Cp\*\]~*n*~) with THF as the solvent afforded the 1,5-substituted isomer **2** in 65% yield after microwave heating at 100 °C for 20 min. Both compounds are white solids and could be stored at ambient temperature without any significant deterioration.

![Synthesis of BOC-protected 1,2,3-triazole isomers **1** and **2** (BOC = *tert*-butoxycarbonyl).](c4ob02359e-s1){#sch1}

Theoretical analysis of 4Tzl conformers
---------------------------------------

As a result of the systematic scan on the potential energy hypersurface (PEHS) of 4Tzl, the fully relaxed RHF/3-21G level calculations have converged into 12 distinguishable conformers (Table S1, ESI[†](#fn1){ref-type="fn"}). For clarity, conformational enantiomers are considered as duplicates and are not discussed. The final optimizations, performed at a higher level of theory or in the presence of solvents, have reduced these into four conformers ([Fig. 2](#fig2){ref-type="fig"} and [Tables 1](#tab1){ref-type="table"} and [2](#tab2){ref-type="table"}).

![Conformers of 4Tzl obtained at the ωB97X-D/6-311++G(2d,2p) level of theory.](c4ob02359e-f2){#fig2}

###### Structural and energetic properties of 4Tzl conformers 1 to 4, located as minima at the B3LYP/6-311++G(2d,2p), M06-2X/6-311++G(2d,2p), ωB97X-D/6-311++G(2d,2p) and RMP2-FC/6-311++G(2d,2p) levels of theory in the gas phase, with solvent effects considered by point energy calculations

  Conf.      Method   *φ*       *θ*       *ζ*       *ρ*       *ψ*       *μ*      Relative energy[^*a*^](#tab1fna){ref-type="table-fn"}                   
  ---------- -------- --------- --------- --------- --------- --------- -------- ------------------------------------------------------- ------- ------- -----
  4Tzl-*1*   B3LYP    --78.3    79.2      --178.6   --177.9   107       29.1     0.0                                                     0.0     0.0     0.0
  M06-2X     --72.0   77.1      --177.8   --176.4   98.7      28.2      0.0      0.0                                                     0.0     0.0     
  ωB97X-D    --74.6   77.0      177.6     --176.8   102.7     26.5      0.0      0.0                                                     0.0     0.0     
  MP2        --72.4   78.4      --176.1   --174.2   95.7      30.8      0.0      0.0                                                     0.0     0.0     
  4Tzl-*2*   B3LYP    --78.5    75.5      --179.9   178.9     --109.8   --29.3   0.1                                                     0.1     0.1     0.1
  M06-2X     --72.9   71.4      --179.7   176.7     --100.5   --27.8    0.1      0.0                                                     0.0     0.0     
  ωB97X-D    --74.6   76.8      --179.1   176.1     --100.3   --29.0    0.1      --0.1                                                   --0.1   --0.0   
  MP2        --72.1   76.9      --178     174.1     --96      --31      0.1      --0.0                                                   --0.2   0.0     
  4Tzl-*3*   B3LYP    ---       ---       ---       ---       ---       ---      ---                                                     ---     ---     ---
  M06-2X     --54.2   111.0     --168.6   164.6     --67.1    3.3       --0.1    0.0                                                     0.0     0.0     
  ωB97X-D    --55.2   109.1     --168.9   165.5     --67.9    4.7       --0.1    --0.1                                                   --0.1   --0.1   
  MP2        ---      ---       ---       ---       ---       ---       ---      ---                                                     ---     ---     
  4Tzl-*4*   B3LYP    177.9     174.8     179.9     177.6     --103.6   --31.3   1.1                                                     0.6     0.6     0.7
  M06-2X     178.5    --176.0   179.6     175.8     --94.5    --29.0    1.6      1.0                                                     1.0     1.1     
  ωB97X-D    177.6    --178.2   179.2     176.3     --97.7    --29.1    1.5      0.8                                                     0.8     0.9     
  MP2        --163    141.2     177.9     173.4     --92.3    --32.8    2.0      1.5                                                     1.5     1.6     

^*a*^Relative energies are in kcal mol^--1^.

###### Energetic properties of 4Tzl conformers located as stable minima optimized in water, DMSO and decanol at the B3LYP/6-311++G(2d,2p) and ωB97X-D/6-311++G(2d,2p) levels of theory

  Conf.      Method   Relative energy[^*a*^](#tab2fna){ref-type="table-fn"}          
  ---------- -------- ------------------------------------------------------- ------ ------
  4Tzl-*1*   B3LYP    0.00                                                    0.00   0.00
  ωB97X-D    0.00     0.00                                                    0.00   
  4Tzl-*2*   B3LYP    0.01                                                    0.02   0.05
  ωB97X-D    --0.25   --0.02                                                  0.02   
  4Tzl-*3*   B3LYP    ---                                                     ---    ---
  ωB97X-D    0.30     0.50                                                    0.37   
  4Tzl-*4*   B3LYP    0.60                                                    0.61   0.63
  ωB97X-D    0.80     1.03                                                    1.09   

^*a*^Relative energies are in kcal mol^--1^.

Structural properties of the 4Tzl conformers can be described by six dihedral angles ([Fig. 1](#fig1){ref-type="fig"} and [Table 1](#tab1){ref-type="table"}). The two central dihedrals cannot be considered as freely rotating, since these are held fixed in the *anti* position by the 1,2,3-triazole heterocycle. Considering the four conformers remaining stable at the higher level calculations, the structural properties are rather similar for 4Tzl-*1* to 4Tzl-*3*. For these conformations, the first two dihedrals are in the *gauche* position, with alternating orientation, *i.e. g*-- and *g*+. The last two dihedrals are also in a shifted *gauche* position, although they have the same orientation, *i.e. g*+*g*+. The only exception is *μ* for 4Tzl-*3*, which is close to zero. The fourth conformer, 4Tzl-*4*, has a more extended conformation, with the first two dihedrals being *anti*, and only the last two in the *gauche* position.

Out of these conformers, only 4Tzl-*3* forms a hydrogen bond with 2.3 Å O···H distance ([Fig. 2](#fig2){ref-type="fig"}). For 4Tzl-*1* to 4Tzl-*3*, the energetic properties obtained from the single point energy calculations on the gas phase structure show rather small differences in solvents of different polarities (see [Table 1](#tab1){ref-type="table"}), whereas the more extended conformer 4Tzl-*4* is less stable. For 4Tzl-*4*, all theoretical methods in all three solvents show a higher relative energy, B3LYP: 0.6--0.7 kcal mol^--1^, ωB97X-D: 0.8--0.9 kcal mol^--1^, M06-2X: 1.0--1.1 kcal mol^--1^, MP2: 1.5--1.6 kcal mol^--1^ ([Table 1](#tab1){ref-type="table"}). The relative difference in stability remains very similar when these four conformer structures are fully optimized in all solvents investigated, with zero-point energy and thermal contributions also considered ([Table 2](#tab2){ref-type="table"}).

The obtained relative energy values indicate that conformers 4Tzl-*3* and 4Tzl-*4* are somewhat less stable than 4Tzl-*1* and 4Tzl-*2* in all solvents. However, the highest relative energy is 1.09 kcal mol^--1^ for 4Tzl-*4* which, considering the Boltzmann distribution, may still allow the co-presence of all these conformers in solution. For 4Tzl-*1* and 4Tzl-*2*, the relative energies are nearly identical at the ωB97X-D/6-311++G(2d,2p) level, 0.00 and --0.25 kcal mol^--1^ for water, 0.00 and --0.02 kcal mol^--1^ for DMSO and 0.00 and 0.02 kcal mol^--1^ for decanol, respectively.

Theoretical analysis of 5Tzl conformers
---------------------------------------

For 5Tzl, the systematic PEHS scan has resulted in 27 distinguishable conformers (Table S2, ESI[†](#fn1){ref-type="fn"}). During the higher level optimizations, several conformers vanished and 13 conformers remained ([Table 3](#tab3){ref-type="table"}). Full optimizations in solvents further reduced the number of minima, resulting finally in 9 conformers ([Fig. 3](#fig3){ref-type="fig"} and [Table 4](#tab4){ref-type="table"}). Structural properties of the 5Tzl conformers can be described by five dihedral angles ([Fig. 1](#fig1){ref-type="fig"} and [Table 3](#tab3){ref-type="table"}). The central dihedral angle is fixed in a near zero degree position. The 13 conformers stable at the higher level calculations mostly form "bent" conformers, with the majority of the dihedral angles in the *gauche* position ([Fig. 3](#fig3){ref-type="fig"} and [Table 3](#tab3){ref-type="table"}). The only extended conformer is 5Tzl-*21*. Although 5Tzl-*3*, 5Tzl-*4*, 5Tzl-*8*, 5Tzl-*10*, 5Tzl-*11*, 5Tzl-*14* and 5Tzl-*20* have also one or more torsional angles in the *anti* range, *i.e.* \|120°--180°\|, these most probably will not favor extended conformers in oligopeptides. A more detailed overview on potential secondary structures is presented below in the sub-section 5Tzl intraresidual properties. The structures of 5Tzl-*6*, 5Tzl-*10*, 5Tzl-*11*, 5Tzl-*14* and 5Tzl-*20* are stabilized by a hydrogen bond, with O···H distances of 2.19 Å, 1.91 Å, 1.97 Å, 2.20 Å, and 2.10 Å, respectively ([Fig. 3](#fig3){ref-type="fig"}).

![The 13 5Tzl conformers as obtained at the ωB97X-D/6-311++G(2d,2p) level of theory.](c4ob02359e-f3){#fig3}

###### Structural and energetic properties of 5Tzl conformers obtained at the B3LYP/6-311++G(2d,2p), ωB97X-D/6-311++G(2d,2p) and RMP2-FC/6-311++G(2d,2p) levels of theory in the gas phase, with solvent effects considered by point energy calculations

  Conf.       Secondary structure[^*a*^](#tab3fna){ref-type="table-fn"}   Method    *φ*       *θ*      *ζ*       *ρ*       *ψ*       Relative energy[^*b*^](#tab3fnb){ref-type="table-fn"}                     
  ----------- ----------------------------------------------------------- --------- --------- -------- --------- --------- --------- ------------------------------------------------------- -------- -------- --------
  5Tzl-*1*                                                                B3LYP     --116.3   59.6     --6.8     --98.4    --40.3    0.00                                                    0.00     0.00     0.00
              M06-2X                                                      --116.4   55.9      --7.9    --83.8    --29.2    0.00      0.00                                                    0.00     0.00     
  H14         ωB97X-D                                                     --117.8   57.9      --7.5    --87.9    --26.2    0.00      0.00                                                    0.00     0.00     
              MP2                                                         --116.5   58.9      --8.5    --88.2    --26.7    0.00      0.00                                                    0.00     0.00     
  5Tzl-*2*                                                                B3LYP     103.9     75.2     --5.7     --83.5    --73.2    --0.65                                                  --0.50   --0.52   --0.74
              M06-2X                                                      68.6      52.3      --9.5    --74.4    --29.1    --0.07    --0.03                                                  --0.04   --0.18   
  C8          ωB97X-D                                                     73.4      64.0      --7.2    --76.6    --45.4    --0.17    0.45                                                    0.41     0.12     
              MP2                                                         68.4      63.2      --8.4    --77.0    --40.4    --0.17    0.41                                                    0.38     0.12     
  5Tzl-*3*                                                                B3LYP     --104.3   70.9     --4.2     --100.6   --134.0   1.19                                                    0.12     0.12     0.20
              M06-2X                                                      --99.8    77.2      --2.7    --82.5    --176.7   0.79      0.16                                                    0.16     0.21     
  Turn        ωB97X-D                                                     --102.3   73.9      --3.1    --85.1    --174.8   1.12      0.23                                                    0.23     0.30     
              MP2                                                         --99.5    77.3      --2.8    --84.8    --174.6   1.84      0.70                                                    0.71     0.86     
  5Tzl-*4*                                                                B3LYP     --87.6    95.9     4.6       78.0      140.3     1.00                                                    --1.15   --1.13   --0.83
              M06-2X                                                      --79.5    101.4     5.8      73.9      144.5     3.52      1.58                                                    1.60     1.82     
  2-Helix     ωB97X-D                                                     --85.9    96.5      5.1      76.2      143.7     2.92      1.05                                                    1.06     1.28     
              MP2                                                         --80.0    99.5      6.8      75.0      141.7     3.56      1.60                                                    1.62     1.85     
  5Tzl-*6*                                                                B3LYP     103.1     42.9     --7.0     66.1      76.3      1.49                                                    0.74     0.73     0.70
              M06-2X                                                      83.5      49.1      --4.2    57.7      59.0      2.98      2.39                                                    2.39     2.34     
  H8          ωB97X-D                                                     85.0      44.4      --4.5    61.7      63.7      2.42      1.95                                                    1.94     1.85     
              MP2                                                         79.3      48.1      --4.7    57.8      58.5      2.94      1.85                                                    1.85     1.91     
  5Tzl-*7*                                                                B3LYP     --89.0    96.7     6.6       95.6      34.2      0.97                                                    --0.66   --0.65   --0.41
              M06-2X                                                      --74.7    103.7     7.7      83.4      30.4      3.22      2.07                                                    2.07     2.17     
  Spiral      ωB97X-D                                                     --83.0    98.5      8.3      87.3      31.7      2.68      1.49                                                    1.49     1.61     
  H16         MP2                                                         --74.0    102.0     10.0     83.1      33.5      2.68      1.71                                                    1.71     1.79     
  5Tzl-*8*                                                                B3LYP     --107.8   80.9     3.3       70.6      --122.0   0.92                                                    --1.96   --1.92   --1.42
              M06-2X                                                      --108.2   80.0      5.6      67.8      --131.1   2.46      0.11                                                    0.14     0.51     
  H10         ωB97X-D                                                     --109.2   78.7      4.9      70.0      --120.7   1.66      --0.95                                                  --0.91   --0.50   
              MP2                                                         --106.8   80.1      6.2      66.7      --126.0   2.33      --0.24                                                  --0.21   0.23     
  5Tzl-*10*   H10                                                         B3LYP     --70.2    144.1    1.5       --85.5    16.5      1.71                                                    --1.39   --1.35   --0.85
              M06-2X                                                      --69.1    152.5     --0.9    --74.5    5.4       2.13      --0.11                                                  --0.08   0.21     
  Turn2       ωB97X-D                                                     --68.9    149.1     0.8      --78.1    --9.8     2.02      --0.47                                                  --0.44   --0.10   
  Turn3       MP2                                                         --66.0    150.0     --0.3    --78.9    9.2       2.62      --0.03                                                  0.01     0.40     
  5Tzl-*11*                                                               B3LYP     --131.7   42.5     --11.6    66.6      26.3      3.88                                                    1.93     1.96     2.38
              M06-2X                                                      --131.0   38.9      --9.8    58.1      26.1      2.53      1.84                                                    1.85     1.98     
  H14         ωB97X-D                                                     --131.9   39.5      --10.4   61.1      24.9      2.86      1.91                                                    1.93     2.12     
              MP2                                                         --133.1   39.8      --10.6   59.8      24.7      3.21      2.20                                                    2.21     2.42     
  5Tzl-*13*                                                               B3LYP     84.7      94.1     6.4       94.7      37.3      2.10                                                    0.22     0.24     0.49
              M06-2X                                                      82.9      49.7      --4.4    57.0      58.1      2.87      1.95                                                    1.94     1.96     
              ωB97X-D                                                     85.4      45.0      --4.7    61.0      61.6      2.47      1.76                                                    1.75     1.70     
              MP2                                                         ---       ---       ---      ---       ---       ---       ---                                                     ---      ---      
  5Tzl-*14*                                                               B3LYP     114.7     170.4    --4.2     --97.1    --36.6    2.07                                                    --0.04   --0.02   0.24
              M06-2X                                                      86.8      175.7     --6.3    --83.9    --31.6    5.04      2.84                                                    2.86     3.13     
              ωB97X-D                                                     99.2      175.3     --5.4    --85.0    --34.2    4.34      2.37                                                    2.39     2.61     
              MP2                                                         86.7      172.2     --7.4    --83.8    --33.3    5.33      3.25                                                    3.27     3.53     
  5Tzl-*20*                                                               B3LYP     114.6     164.7    3.6       94.0      30.80     2.25                                                    --0.27   --0.25   0.11
              M06 -- 2X                                                                                                                                                                                        
              ωB97X-D                                                     ---       ---       ---      ---       ---       ---       ---                                                     ---      ---      
              MP2                                                         ---       ---       ---      ---       ---       ---       ---                                                     ---      ---      
  5Tzl-2*1*                                                               B3LYP     180.0     180.0    0.0       180.0     0.0       6.09                                                    4.63     4.64     4.81
              M06-2X                                                      180.0     180.0     0.0      --180.0   0.0       9.95      9.05                                                    9.05     9.09     
              ωB97X-D                                                     180.0     180.0     0.0      --180.0   0.0       9.22      8.26                                                    8.26     8.31     
              MP2                                                         180.0     180.0     0.0      180.0     0.0       10.92     10.00                                                   10.00    10.05    

^*a*^Potential secondary structures which could be built for peptidic oligomers using the particular 5Tzl conformer.

^*b*^Relative energies are in kcal mol^--1^.

###### Structural and energetic properties of 5Tzl conformers located as stable minima optimized in various solvents at the B3LYP/6-311++G(2d,2p), ωB97X-D/6-311++G(2d,2p) and RMP2-FC/6-311+G(d,p) levels of theory

  Conf.       Sec. Struct.[^*a*^](#tab4fna){ref-type="table-fn"}   Method   Relative energy[^*b*^](#tab4fnb){ref-type="table-fn"}   Energy level                  
  ----------- ---------------------------------------------------- -------- ------------------------------------------------------- -------------- -------------- --
  5Tzl-*1*                                                         B3LYP    0.00                                                    0.00           0.00           
  H14         ωB97X-D                                              0.00     0.00                                                    0.00           **Low**        
              MP2                                                  0.00     0.00                                                    ---                           
  5Tzl-*2*                                                         B3LYP    --1.65                                                  --1.64         --1.60         
  C8          ωB97X-D                                              0.42     0.36                                                    --0.19         **Low**        
              MP2                                                  0.94     0.95                                                    ---                           
  5Tzl-*3*                                                         B3LYP    --0.65                                                  --0.63         0.14           
  Turn1       ωB97X-D                                              --0.14   --0.10                                                  0.19           **Low**        
              MP2                                                  0.23     0.22                                                    ---                           
  5Tzl-*4*                                                         B3LYP    --0.56                                                  --0.55         --0.48         
  2-Helix     ωB97X-D                                              1.51     1.48                                                    1.43           **Moderate**   
              MP2                                                  1.27     1.27                                                    ---                           
  5Tzl-*6*                                                         B3LYP    1.32                                                    1.30           0.42           
  H8          ωB97X-D                                              2.77     2.70                                                    2.35           **High**       
              MP2                                                  1.88     1.85                                                    ---                           
  5Tzl-*7*    Spiral/                                              B3LYP    --0.20                                                  --0.18         --0.07         
  H16         ωB97X-D                                              1.51     1.47                                                    1.53           **Moderate**   
              MP2                                                  1.62     1.60                                                    ---                           
  5Tzl-*8*                                                         B3LYP    --1.04                                                  --1.01         --0.81         
  H10         ωB97X-D                                              --0.23   --0.25                                                  --0.02         **Low**        
              MP2                                                  0.21     0.21                                                    ---                           
  5Tzl-*10*   H10/                                                 B3LYP    --0.70                                                  --0.69         --0.50         
  Turn2/      ωB97X-D                                              --0.08   --0.11                                                  --0.06         **Low**        
  Turn3       MP2                                                  0.29     0.29                                                    ---                           
  5Tzl-*14*                                                        B3LYP    0.25                                                    0.29           0.37           
  Spiral      ωB97X-D                                              2.24     2.28                                                    2.49           **High**       
              MP2                                                  1.62     1.60                                                    ---                           

^*a*^Potential secondary structures which could be built for peptidic oligomers using the particular 5Tzl conformer.

^*b*^Relative energies are in kcal mol^--1^.

For 5Tzl, the energetic distribution of the conformers depends more on the theoretical approach than for 4Tzl, partially due to the significantly higher number of minima, and also because there are discrepancies, *e.g.* between consideration of dispersive forces in the theoretical methods employed. When solvent effects were only considered by single point energy calculations on the gas phase structures, there are significant changes in the relative stability between the three methods used ([Table 3](#tab3){ref-type="table"}). The calculations with the B3LYP functional indicate that conformers 5Tzl-*2*, 5Tzl-*4*, 5Tzl-*7*, 5Tzl-*8*, and 5Tzl-*10* will be the most stable in the solutions used. These minima are within 1.5 kcal mol^--1^ in relative energy from the most stable conformer, 5Tzl-*8*. Conformers 5Tzl-*1*, 5Tzl-*3*, 5Tzl-*6*, 5Tzl-*13*, 5Tzl-*14* and 5Tzl-*20* have moderately low relative energies, *i.e.* lower than 3 kcal mol^--1^, whereas 5Tzl-*11* and 5Tzl-*21* have higher energies and are the least stable.

Solvent single point energies with the ωB97X-D functional result in 5Tzl-*1*, 5Tzl-*2*, 5Tzl-*3*, 5Tzl-*8*, 5Tzl-*10* conformers within 1.5 kcal mol^--1^ counted from the lowest energy structure: 5Tzl-*8* ([Table 3](#tab3){ref-type="table"}). Conformers 5Tzl-*4*, 5Tzl-*6*, 5Tzl-*7*, 5Tzl-*11*, and 5Tzl-*13* are moderately low, having smaller than 3 kcal mol^--1^ relative energy, and 5Tzl-*14* and 5Tzl-*21* have high relative energy. For the M06-2X functional, the conformers show a very similar energy distribution to that for ωB97X-D, however it results in 5Tzl-*10* being the lowest energy conformer. The relative energy distribution of MP2 matches those obtained with the ωB97X-D functional, with only difference being the vanishing conformer 5Tzl-*13* at the MP2 level.

As expected, full optimizations in solvents result in smaller energetic differences. At the B3LYP/6-311++G(2d,2p) level of theory, 5Tzl-*2* is the most stable conformer and 5Tzl-*2*, 5Tzl-*3*, 5Tzl-*4*, 5Tzl-*7*, 5Tzl-*8*, 5Tzl-*10* are minima with lower than 1.5 kcal mol^--1^ energy values relative to 5Tzl-*2* ([Table 4](#tab4){ref-type="table"}). However, the ωB97X-D and MP2 calculations again show a significant deviation from the B3LYP results. Here the 5Tzl-*1*, 5Tzl-*2*, 5Tzl-*3*, 5Tzl-*8*, 5Tzl-*10* conformers are the most stable, 5Tzl-*4* and 5Tzl-*7* being over 1.5 kcal mol^--1^ in relative energy, and 5Tzl-*6*, 5Tzl-*14* having a ∼3 kcal mol^--1^ energy difference from the most stable conformer. The most stable conformer is 5Tzl-*1* for MP2, and 5Tzl-8 for ωB97X-D calculations ([Table 4](#tab4){ref-type="table"}).

4Tzl intraresidual properties
-----------------------------

The small relative energy values obtained for 4Tzl are reasonable if one considers that there are very few possible configurations where this peptidic residue could form intraresidual H-bonds. Only 4Tzl-*3* has an H-bond, though the relatively high 2.3 Å distance between the corresponding oxygen and hydrogen indicates that their positioning is not optimal. Furthermore, there are no large differences in relative energies when comparing solvents of very different polarity ([Table 2](#tab2){ref-type="table"}). All these properties suggest that without side chains, 4Tzl is rather flexible, and has small internal preference for a particular conformation. This observation is in close agreement with several experimental examples on conformational properties of 4Tzl, where these are predicted to result in extended configurations, a direct outcome of the extended 1,4-positioning on the triazole heterocycle.^[@cit20b]^ Although each of the three 4Tzl conformers have four dihedral angles in the *gauche* position ([Table 2](#tab2){ref-type="table"}), as there are most likely no major barriers for internal conformational transitions, the observed random/extended conformations in experiments may be enforced by the surrounding amino acid residues and the applied side chains. The latter observation is also supported by the fact that the 2D NMR NOESY experiments reveal both H^1^--H^7^ and H^4^--H^7^ crosspeaks, which suggests that BOC-4Tzl-*1*, *2*, or maybe even *3* have to be present simultaneously in solution (for the list of NOEs, see Fig. S1 in ESI[†](#fn1){ref-type="fn"}).

5Tzl intraresidual properties
-----------------------------

To compare theoretical results with those obtained by NMR, we have optimized the final 9 5Tzl minima with the same protecting groups as the synthesized compounds, BOC- and *N*-methyl amide (BOC-5Tzl). When compared to the 5Tzl calculations, there are no significant changes in the structural properties of the BOC-5Tzl conformers. Regarding energetic properties, BOC-5Tzl-*1*, BOC-5Tzl-*2*, BOC-5Tzl-*3*, BOC-5Tzl-*8*, and BOC-5Tzl-*10* have lower relative energies. Conformers *4* and *7* have higher than 1.5 kcal mol^--1^ values, while BOC-5Tzl-*6* and BOC-5Tzl-*14* are the highest energy conformers, with values near 2.5 kcal mol^--1^. The most stable conformer is BOC-5Tzl-*1*, although *1*, *2*, *3*, *8* and *10* have nearly identical relative energies ([Table 5](#tab5){ref-type="table"}). These conformers obtained for BOC-5Tzl were also used to analyse the NOESY data obtained for the same compound (Table S3 and Fig. S2, ESI[†](#fn1){ref-type="fn"}). The number of NOE crosspeaks is relatively large, and they are nearly identical in both DMSO-d~6~ and D~2~O, indicating that the same conformer or conformers are present in both solvents. This is in close agreement with the 5Tzl calculations showing nearly identical relative energies for the above two solvents ([Table 4](#tab4){ref-type="table"}).

###### Energetic properties of BOC-5Tzl conformers optimized at the ωB97X-D/6-311++G(2d,2p) level of theory using water as the solvent

  Conformer       Relative energy (H~2~O)[^*a*^](#tab5fna){ref-type="table-fn"}
  --------------- ---------------------------------------------------------------
  BOC-5Tzl-*1*    0.00
  BOC-5Tzl-*2*    0.16
  BOC-5Tzl-*3*    0.13
  BOC-5Tzl-*4*    1.75
  BOC-5Tzl-*6*    2.70
  BOC-5Tzl-*7*    1.82
  BOC-5Tzl-*8*    0.22
  BOC-5Tzl-*10*   0.04
  BOC-5Tzl-*14*   2.46

^*a*^Relative energies are in kcal mol^--1^.

One should highlight the crosspeak H^1^--H^7^, which is between protons located on the two end protecting groups. This suggests a bent conformer (Fig. S2 in ESI[†](#fn1){ref-type="fn"}). This may apply to several of the located minima; nevertheless, a joint qualitative analysis of available computational and NMR structural data could narrow down the number of probable conformers. Although the presented energy values incorporate only zero point corrections, and thermal corrections to energies and enthalpies, the use of these values to approximate the relative stability of a conformer may be justified in a qualitative analysis. Accordingly, BOC-5Tzl-*2* and BOC-5Tzl-*10* are most likely to be present in solution. Both conformers have low relative energies ([Table 5](#tab5){ref-type="table"}) and their H--H distances fit to most of the found NOEs (Table S3 in ESI[†](#fn1){ref-type="fn"}). Among the other low energy conformers, *1* and *3* would also show a H^1^--H^7^ crosspeak, but we conclude that these structures are less probable because both of these would display one proton--proton distance below 3 Å, which, despite the considerable dynamics present in a room temperature solvent, should be seen in the spectra. BOC-5Tzl-*8* is also a low energy conformer which could give rise to several NOEs, although not the H^1^--H^7^ interaction ([Tables 5](#tab5){ref-type="table"} and S3 in ESI[†](#fn1){ref-type="fn"}). Nevertheless, the H-bond in *8* would constrain the structure to some extent and should give rise to a H^2^--H^7^ crosspeak ([Fig. 3](#fig3){ref-type="fig"}). BOC-5Tzl-*4* and *7*, despite having somewhat higher relative energies, have several H--H distances which fit well into the experimental NOEs. At the same time, both have a more extended structure without a stabilizing internal H-bond, and it is likely that in a polar solvent the structure will shift into a conformer where the apolar end groups are less exposed to the solvent. Finally, the two remaining conformers could be present if only the NOEs were considered; nevertheless they have the highest relative energies, making these less likely.

A recent study employing joint theoretical and experimental approaches on trimer--heptamer oligomers composed of achiral 5Tzl demonstrated that several secondary structures may coexist in solution.^[@cit18]^ According to calculations on tetramer and heptamer models, H14, H16, H20 helices, T1, T2, T3-type turns, as well as double-stranded constructs all have rather small relative energy differences. Accordingly, the results presented here indicate that several of the 5Tzl conformers would promote a turn in a peptidic oligomer ([Fig. 3](#fig3){ref-type="fig"}). Furthermore, our exhaustive search for 5Tzl conformational space suggests a number of other secondary structures which could be built from this residue, especially when they are used as oligomers with the appropriate side chains. Accordingly, the relative energies of the obtained conformers suggest that low energy conformers of 5Tzl would particularly favour turns, Turn1, Turn2, Turn3,^[@cit18]^ helices with 10 or 14 atoms in the H-bonded pseudo ring, H10, H14, as well as a zig-zag like conformation with 8-membered H-bond pseudo rings, C8 ([Table 4](#tab4){ref-type="table"}). Furthermore, appropriate side chains would also allow the formation of H16, spiral, or double-helix assemblies, and even H8 or sheet conformations could be achieved. The relationship between the different, theoretically plausible, secondary structures and the conformers which would be most suitable to build them is highlighted ([Tables 3](#tab3){ref-type="table"} and [4](#tab4){ref-type="table"}).

Based on the above conformational analysis and the NMR measurements of the BOC protected monomer, we propose that for longer oligomers the most probable secondary structures can be narrowed down to turns, H10, and C8.

Conclusions
===========

We have investigated the conformational properties of two compounds, 1,4-substituted (4Tzl) and 1,5-substituted (5Tzl) 1,2,3-triazole amino acids, which can be considered as basic building units of triazole-based peptidomimetics. We combined exhaustive theoretical conformational analysis with organic synthesis and 2D NMR measurements. BOC-protected 4Tzl and 5Tzl were prepared in good yields from commercially available starting materials in a one-step reaction, using CuSO~4~ as the catalyst to attain the 1,4-substitution pattern in 4Tzl, and \[RuCl~2~Cp\*\]~*n*~ in the case of the 5Tzl isomer. The two isomers were fully characterized and subjected to 2D NOESY NMR analysis to complement the computational studies.

Out of the few (*i.e.* 4) stable conformers of 4Tzl, in principle none of these has shown a large stabilization relative to the others, with no strong intraresidual H-bonds obtained. The 2D NOESY NMR experiments, in accordance with the calculations, show that extended, BOC-4Tzl-*1*, and more bent conformers, BOC-4Tzl-*2* or BOC-4Tzl-*3*, may be simultaneously present in solution.

4Tzl units in foldamers most likely adopt conformations following positioning of their central 1,4-substituted triazole pentacycle and the conformational preference of the surrounding residues in a peptidomimetic oligomer. Based on the joint theoretical analysis and NMR measurements, we conclude that the 1,4-substituted triazoles have promising capabilities in forming sheet-like elongated secondary structures.

In contrast, the 5Tzl shows much higher diversity, with 9 stable conformers found by QM conformational analysis. Surprisingly, the vast majority of 5Tzl conformers have a relative energy lower than 3 kcal mol^--1^, and they are structurally more diverse than those of 4Tzl. Together with previous NMR results on their corresponding homooligomers,^[@cit18]^ this observation suggests that several secondary structures built from these may coexist in solution, a basic prerequisite for larger scale conformational diversity in the case of natural proteins.^[@cit26]^ Most likely turns, ten-membered helices (H10) and zig-zag like structures (C8) could be easily manifested for their homooligomers, but with appropriate side chains H8, H14, H16, spiral or even sheet secondary structures may also be achieved.

Four different theoretical methods were tested to see which is the most appropriate to characterize these systems. Based on the close correlation between MP2 and ωB97X-D results, we propose that the latter is a fast and reliable method, also accounting for dispersive effects in triazole foldamers. The M06-2X functional performs nearly equally well, however produces some larger deviations as ωB97X-D in the case of the lower energy conformers. We hope that this analysis of the basic properties of triazole amino acids will help rational computer-aided design of novel oligomers with the desired secondary structures.

Experimental section
====================

Computational methods
---------------------

All computations were carried out using the Gaussian 09 software package.^[@cit27]^ The initial exploration of the conformational space was performed at the RHF/3-21G level of theory, where the dihedral angles were scanned with a resolution of 60°. These have resulted in 1296 and 800 converged constrained conformers for 4Tzl and 5Tzl models, respectively. All the obtained conformers were subjected to fully relaxed optimizations at the RHF/3-21G level of theory, resulting in 12 and 27 conformers for 4Tzl and 5Tzl, respectively. These were subjected to further optimizations using both Becke\'s three parameter functional with the Lee--Yang--Parr exchange functional (B3LYP),^[@cit28]^ Head-Gordon\'s ωB97X-D functional, which included dispersion correction and long-range electron correlation corrections,^[@cit29]^ as well as M06-2X of the Minnesota functionals.^[@cit30]^ For all these functionals the 6-311++G(2d,2p) basis set was employed. During these calculations, the number of stable conformers was reduced to 4 (4Tzl) and 13 (5Tzl). The remaining structures obtained from the high level calculations were also subjected to MP2/6-311++G(2d,2p) calculations. Point energy calculations were performed to estimate solvent effects of water, dimethylsulfoxide (DMSO) and 1-decanol. These environments were modelled using the Integral Equation Formalism for Polarizable Continuum Model (IEFPCM).^[@cit31]^ To consider the effects of solvent on conformational properties, as well as to confirm the nature of the critical points obtained, all 4 4Tzl and 13 5Tzl conformers were subjected to fully relaxed optimization followed by frequency calculations at the B3LYP/6-311++G(2d,2p), ωB97X-D/6-311++G(2d,2p) and MP2/6-311+G(d,p) levels of theory in the above three solvents using the IEFPCM model. These confirmed that all the obtained critical points are minima. In the case of 5Tzl, these calculations have further reduced the number of stable conformers to 9. To compare theoretical results with the experimental, 5Tzl models containing the same protecting group as the experimental ones, BOC and N-methyl, were also optimized at the ωB97X-D/6-311++G(2d,2p) level with water as the solvent (BOC-5Tzl). During frequency calculations on conformers optimized in solvents, for all three models 4Tzl, 5Tzl and BOC-5Tzl, several low frequency vibrations were found due to internal rotation modes. Such vibrations would not affect significantly the thermal energy and enthalpic contributions, but may cause significant errors when estimating entropic effects at room temperature. Consequently an additional harmonic vibrational analysis, identifying internal rotational modes, was also performed for BOC-5Tzl minima; nevertheless, for several conformers a one-to-one correspondence between vibrational and internal rotation modes could not be achieved. For the compounds studied here, the arising error would be ∼2.6--3.3 kcal mol^--1^, thus on the same magnitude as the relative energy difference between the lowest and the highest energy conformers. Therefore the presented energies for solvent optimized conformers incorporate only zero-point energy (ZPE) corrections, and thermal corrections to energy and enthalpy.

Precision and accuracy of computations
--------------------------------------

Although here we focused on the practical applicability of the 4Tzl and 5Tzl residues, as there are no exhaustive studies on which theoretical methods should be the most accurate and computationally least demanding for them, a short discussion is included here on the performance of the applied theoretical methods. Based on previous benchmark studies on peptide conformations,^[@cit32]^ alanine and proline dipeptides,^[@cit33]^ using among others B3LYP, ωB97X-D, M06-2X, it was expected that ωB97X-D and M06-2X will perform nearly equally well, when compared to reference MP2 calculations.^[@cit33]^

Indeed, for 4Tzl and 5Tzl the B3LYP calculations show significant deviations from those of MP2, ωB97X-D and M06-2X methods ([Tables 1--4](#tab1 tab2 tab3 tab4){ref-type="table"}). At the same time, a rather close agreement can be observed between MP2, M06-2X and ωB97X-D, although solvent effects may cause larger deviations. Considering relative energy values in solvents, the latter two is almost equally accurate when compared to the MP2 values. The only difference is that ωB97X-D shows somewhat higher accuracy for the lower energy conformers over M06-2X, which may be important when one aims to estimate structural preferences among the most stable conformers. As the MP2 calculations are rather time consuming, they are not appropriate to handle larger systems such as oligopeptides. The good agreement with ωB97X-D and M06-2X suggests that the latter density functionals are suitable to quickly and accurately assess properties of these foldamers, where we give some preference for the ωB97X-D functional due to the reasons mentioned above. Nevertheless, a systematic analysis on theoretical methods, a task beyond our current focus, is necessary to have solid conclusions on the most suitable theoretical approaches.

General experimental
--------------------

All reactions were performed under an argon atmosphere. 2-Azido-*N*-methylacetamide was purchased from Fluorochem (UK). \[RuCl~2~Cp\*\]~*n*~ was purchased from Strem Chemicals. Automated flash chromatography was performed using a Biotage Isolera One system. Microwave reactions were carried out in a Biotage Series 60 Initiator (the actual vial temperature was monitored with an IR sensor, using a fixed hold time). Chemical shifts (*δ*) are given in ppm relative to the solvent residual peak (DMSO-d~6~: 2.50 ppm for ^1^H NMR and 39.51 ppm for ^13^C NMR), or an internal standard (TMS: 0.00 ppm for ^1^H NMR). 2D NOESY experiments were carried out in a 30--70 mM DMSO-d~6~ solution at 25 °C, using a NOESY mixing time of 500 ms, and a relaxation delay of 1.5 s, and were acquired with 2048 points in the f2 domain and 256 points in the f1 domain. The data were processed using MestReNova software and baseline correction was applied to both dimensions using Bernstein polynomial fit (3 orders) and a 90 °C sin bell window function was applied in both dimensions.

Synthesis
---------

### *tert*-Butyl ((1-(2-(methylamino)-2-oxoethyl)-1*H*-1,2,3-triazol-4-yl)methyl)carbamate, BOC-4Tzl (**1**)

2-Azido-*N*-methylacetamide (115 mg, 1.01 mmol) was dissolved in 2 mL H~2~O : *t*-BuOH (1 : 1) in a 4 mL vial equipped with a magnetic stir bar. To the mixture were added *N*-BOC-propargylamine (188 mg, 1.21 mmol), CuSO~4~·5H~2~O (5.0 mg, 0.02 mmol) and sodium ascorbate (12.0 mg, 0.06 mmol). The vial was capped and the orange solution was stirred for 20 h at ambient temperature. Brine (3 mL) was added and the mixture was extracted with EtOAc (5 × 3 mL). The combined organic phases were dried (Na~2~SO~4~) and concentrated under vacuum. The crude product was purified by automated flash chromatography on silica gel (eluent 20--80% EtOAc in petroleum ether, followed by 1--30% MeOH in CH~2~Cl~2~), affording BOC-4Tzl (**1**) as a white solid (221 mg, 81%). Anal. Calcd for C~11~H~19~N~5~O~3~: C, 49.06; H, 7.11; N, 26.01. Found: C, 49.09; H, 7.15; N, 25.91. IR (KBr) 3402, 3332, 3130, 2979, 1669, 1517, 1269, 1176 cm^--1^; ^1^H NMR (500 MHz; DMSO-*d* ~6~) *δ* 8.19 (d, *J* = 4.2 Hz, 1H), 7.82 (s, 1H), 7.32 (t, *J* = 5.7 Hz, 1H), 5.03 (s, 2H), 4.17 (d, *J* = 5.9 Hz, 2H), 2.63 (d, *J* = 4.6 Hz, 3H), 1.39 (s, 9H); ^13^C NMR (126 MHz; DMSO-*d* ~6~) *δ* 165.8, 155.6, 145.4, 124.0, 77.9, 51.6, 35.6, 28.2, 25.6; *m*/*z* (ESI) 270 (M^+^, 40%), 214 (100).

### *tert*-Butyl ((1-(2-(methylamino)-2-oxoethyl)-1*H*-1,2,3-triazol-5-yl)methyl)carbamate, BOC-5Tzl (**2**)

2-Azido-*N*-methylacetamide (93 mg, 0.82 mmol, 1.0 equiv.) was dissolved in 2 mL dry THF in a 4 mL vial equipped with a magnetic stir bar under an argon atmosphere. *N*-BOC-propargylamine (139 mg, 0.90 mmol, 1.1 equiv.) was added, followed by \[RuCl~2~Cp\*\]~*n*~ (10.0 mg, 0.033 mmol, 0.04 equiv.). The solution was transferred to a microwave reaction vial using a syringe, equipped with a syringe filter to remove the undissolved catalyst. The reddish reaction mixture was heated for 20 min at 100 °C in a microwave reactor, affording a dark solution. After cooling, the solution was concentrated under vacuum and subsequently purified by automated flash chromatography (eluent 1--30% MeOH in CH~2~Cl~2~), affording BOC-5Tzl (**4**) as a white solid (144 mg, 65%). Anal. Calcd for C~11~H~19~N~5~O~3~: C, 49.06; H, 7.11; N, 26.01. Found: C, 49.13; H, 7.17; N, 25.71. IR (KBr) 3332, 2984, 1670, 1560, 1520, 1369, 1266, 1163 cm^--1^; ^1^H NMR (500 MHz, DMSO-*d* ~6~) *δ* 8.26 (d, *J* = 4.2 Hz, 1H), 7.51 (s, 1H), 7.36 (s, 1H), 5.09 (s, 2H), 4.22 (d, *J* = 5.9 Hz, 2H), 2.64 (d, *J* = 4.6 Hz, 3H), 1.38 (s, 9H); ^13^C NMR (126 MHz, DMSO-*d* ~6~) *δ* 165.8, 155.5, 136.9, 132.2, 78.4, 49.7, 32.9, 28.1, 25.6; *m*/*z* (ESI) 270 (M^+^, 100%).
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[^1]: †Electronic supplementary information (ESI) available: Tables on the RHF/3-21G conformers, NMR spectra and analysis. See DOI: [10.1039/c4ob02359e](10.1039/c4ob02359e) Click here for additional data file.
